This paper investigates the extent to which the damping region of a digitally controlled LCL-type grid connected inverter is influenced by the ratio between sampling and switching frequencies, the grid impedance variation and changes in the LCL filter. Based on this analysis, an improved capacitor-current feedback is proposed to preserve stability by extending the damping region under the critical conditions identified. The attention is focused on the case when the system switching frequency is higher than one-half of the system sampling frequency, which is not covered in the existing literature. In this case, the undamped region is obviously expanded and a conventional capacitor-current feedback will not provide sufficient damping region. An improved capacitor-current feedback active damping method is proposed to increase the system critical frequency greatly and to obtain a wider damping region for all possible LCL resonances. With a reasonable parameter design, the extended system damping region is able to cover almost all possible resonance frequencies even when the switching frequency is the same as sampling frequency. A high robustness to grid-impedance variation is achieved in the system as a result of this improved feedback control. The effectiveness of the theoretical analysis and proposed method are verified by the experimental results.
Introduction
With the development of renewable energy technology, as the interface between a renewable energy generation system and the power grid, inverters have been attracting increasing attention [1] - [14] . To inject power into the grid with low distortion, LCL filter is often used in all of the medium-high power gridconnected inverters with low switching frequency because its unique advantages compared with the L filter [15] . However, the stability of the inverter system may be influenced by the inherent resonance characteristics of the LCL filter [3] . In order to dampen the LCL resonance without increasing the power loss and undermining the harmonic attenuation ability of LCL filter, the active damping method is usually adopted in high power level inverter [1] - [9] . Among the various active damping solutions, the capacitorcurrent feedback active damping approach is one of the most widely used methods for its effectiveness and simple implementation [16] . However, when a digital control system is employed, the active damping performance may be affected by the effects of digital time delay.
Generally, for a digitally controlled system, the digital time delay in the system mainly consists of computation and PWM delay. The computation delay is the time required for translating the external sampled signal into a PWM reference signal and it will change as the duty ratio update mode varies [17] .
The PWM delay is caused by the zero-order-hold (ZOH) effect, which keeps the PWM reference signal before it is compared to the triangular carrier and it can be seemed as half sampling period length [8] . With the wide application of the digital control system in the LCL-type grid-connected inverter with capacitorcurrent feedback, the system stability of a digitally controlled LCL-type grid-connected inverter with this feedback has been studied in many publications. Orellana and Griñó. [18] investigated capacitor-current feedback active damping in the s-domain and the z-domain, and found that a one-step computation delay might aggravate the system instability, but no method to enhance the system stability was provided. To stabilize the system with digital time delay, Miskovic et al. [19] used a Luenberger observer as a sensor replacement and state predictor to alleviate the impact of a one-step computational delay, which greatly improved the active damping capability. However, the parameters of the state observer are sensitive to the system parameters and thus the system may become unstable as the system parameters changes. Chen et al. [20] proposed a time delay method based on the area equalization concept. This method is simple and effective, but it can only compensate a system with a time delay lower than a half sampling period. Pan et al. [8] shifted the capacitor-current sampling instant towards the reference update time of PWM to reduce the digital time delay. Nevertheless, aliasing might occur if the capacitor-current samping time is not properly located.
Moreover, in addition to the method of time delay compensation that is adopted to ensure the stability of the digitally controlled LCL-type grid-connected inverter with capacitor-current feedback, the method to guarantee the stability of the system with time delay by extending system damping region has also been explored in many publications. In [3] , [5] , [8] - [10] , and [21] - [23] , one-sixth sampling frequency (fs/6) is identified as the critical frequency for stabilizing a digitally controlled LCL-type grid-connected inverter.
Bao et al. [3] showed that the design of the system controller parameters and the damping coefficient are significantly determined by the system critical frequency. Parker et al. [21] found that when the system resonance frequency is higher than fs/6, active damping is not required to stabilize the system. However, Li et al. [10] found that even if the system is stable when the resonance frequency is higher than fs/6, the active damping method is also necessary because the potential for resonance shifting makes the system more susceptible to instability. Subsequently, two different damping region extension methods were proposed in [10] and [23] to increase the system critical frequency to 0.25fs and fs/3, respectively. However, the system in [10] and [23] were discussed and analysed under the case of the system switching frequency is equal to half of the system sampling frequency. Considering the system resonance frequency should be chosen in a range between ten times the line frequency (f0) and one half of the switching frequency [15] , which indicates the system possible resonance frequency range is (50f0, 0.25fs) when the system switching frequency is equal to half of the system sampling frequency, the upper limit of the damping region are extended to around 0.25fs in previous works, such as the upper limit of the damping region in [10] and [23] are 0.25fs and fs/3, respectively. However, the ratio between sampling frequency (fs) and switching frequency (fsw) varies with the sampling mode of the system (For example, the ratio between fs and fsw is 2 in natural sampling, and it will change to 1 in the symmetric regular sampling). Hence, the extended system damping region in [10] and [23] may not be sufficiently high to cover all possible system resonance frequencies when the sampling frequency is the same as the switching frequency which the system possible resonance frequency range is (50f0, 0.5fs) in this case, and thus the system becomes vulnerable to work outside the damping region which may leads to instability [10] .
This paper focuses on addressing the stability problem of digitally controlled grid-inverter system in different sampling modes meaning that the system switching frequency may be larger than one-half of the system sampling frequency, by proposing an improved capacitor-current feedback active damping method.
In Section 2, the equivalent s-domain and z-domain models of the digitally controlled LCL-type gridconnected inverter with capacitor-current feedback are derived. Then, based on the obtained model, the effects of damping region on system are comprehensively investigated in Section 3. In Section 4, an improved capacitor-current feedback active damping method for widening the system damping region is introduced, and the stability of the improved system is discussed. Experimental results are presented in Section 5 to validate the proposed method. Section 6 concludes the paper.
Modeling the grid-connected inverter

System Description
The typical digitally controlled three-phase grid-connected voltage source inverter system with an LCL filter is shown in Fig (2)
Digital control loop
To implement an independent control in the control loop without using a decoupling module, the scheme of the digital control loop for the grid-side current ig is developed in a stationary frame, as shown in 
As mentioned in [5] , the processes of sampling, computation and signal update lead to a time delay in a digital system that is expressed in terms of the sampling period Ts as λTs ( 0 1 λ ≤ ≤ ), and can be modeled and λ = 1 for the synchronous sampling case [8] .
After obtaining the PWM reference signal, the updated PWM reference signal is held and compared to the triangular carrier to generate the duty cycle, and this process can be expressed as ZOH in the s-domain [20] . 
Moreover, kpwm represents the gain of the PWM inverter, and the sampler is represented by 1/Ts [8] . (1) and (2) 
Therefore, the open-loop transfer function of the system can be obtained as
, and m=0 and m=1 represent the situations of one-step delay and no computation delay, respectively.
Damping region effects on system
Because the existence of digital time delay, the system critical frequency is decreased from fs/2 to fs/6, which means the range of damping region of LCL-type grid-connected inverter with capacitor-current feedback is reduced from (0, fs/2) to (0, fs/6) [8] . Considering the possible distribution of system resonance frequency is (50f0, fs/2), the system may work in a large region of (fs/6, fs/2), which is not covered by the damping region. Therefore, based on the model obtained in Section 2, the effects of damping region on system are investigated in this section. 
Impacts of resonance damping
Referring to Fig. 1b , through a series of equivalent transformations, the active damping loop can be equivalent to a virtual impedance Zeq(jω) in parallel with the filter capacitor, as shown in Fig. 2a and it can be expressed as [8] eq eq eq .
In (9), Req determines the damping effect of the active damping loop, and the active damping coefficient kd directly affects the value of Req. Fig. 2b show the Bode diagram of loop gain T(z) with the parameters listed in Table 1 when Gc(z)=1.
As seen, when the active damping coefficient kd is 0, the active damping has no contribute to the resonance damping and thus the magnitude has an infinite resonance gain at system resonance point. As the active damping coefficient kd increases, the magnitude at resonance point is reduced obviously, which means the harmonic resonance can be effectively restrained with the use of active damping. Therefore, the active damping is required for the suppressing of harmonic resonance, which is essential to the establishment of a stable system. 
Robustness against grid impedance variation
. Then with the parameters listed in Table 1 , Fig. 3a-3c shows the curves of MDr and MDc varies with the grid inductance Lg, where the grid inductance Lg varies from 0 to 10% PU that corresponds to a short-cut ratio of 10, and the system resonance frequency fr is equal to fs/6 when Lg =1.18 mH. As seen, when the system initial work in the Case I and Case II with certain parameters, which the system resonance frequency within the damping region, the system can be stable as the grid inductance varies in (1.18 mH, 2 mH) and becomes unstable when Lg below 1.18 mH that corresponds to Case III. When system original work in Case III, it can be seen from Fig. 3c that, in condition of certain parameters of kp and ka, system remains stable only in a small range of Lg in Case III, which is (0, 0.25 mH) in the case shown in Fig. 3c . The above analysis identifies that the system has a high robustness against grid impedance variation when the system initially works in the system damping region. In practical situations, because the variation of grid impedance due to the change of load, the variation of resonance frequency fr may cause the system to work from one case to another. Meanwhile, since there is no high-frequency unstable poles, the output current of the inverter in Case I has better quality than the systems in Case II and Case III. Therefore, if the system critical frequency can be higher than most of possible resonance frequencies or even the allowed maximum system resonance frequency that can be derived by the LCL design criterion [15] , the system can obtain a large damping region that make system always work in Case I, and thus the system can be more stable.
Parameters of LCL filter
Based on the above analysis, to better ensure high stability and robustness of the digitally controlled grid-connected inverter system, it is best to choose a system resonance frequency (fr) that is lower than the system critical frequency (fs/6). Fig. 3d shows that curves of resonance frequency fr as Cf and L2 varies,
where Lg=0 H, L1 is chosen as 4 mH to obtain a low harmonic current below the IEEE-519 limitations and the ranges of Cf and L2 are also obtained according to the design criteria of LCL filter [15] . As seen, to make system resonance frequency lower than system critical frequency (fs/6), at least one large value is required between Cf and L2. However, a larger inductance and capacitance in the LCL filter will cause an increase of filter volume and thus increased costs [15] .
Therefore, it can be concluded from the above analysis that, in order to improve the robustness of the system while maintaining a good quality of output current, a higher critical frequency is desirable. In doing so, according to the previous discussion, the system stability requirements will become much easier to satisfy while achieving a higher robustness against grid impedance variation at the same time.
Grid-Connected inverter with improved capacitor-current feedback active damping
According to the analysis in Section 3, a higher system critical frequency is essential to ensure system work in damping region that can obtain high stability and robustness in a digitally controlled grid-connected inverter with capacitor-current feedback. Considering the method in previous work may not sufficient to obtain a high quality output current and the system is vulnerable to become unstable due to the system resonance frequency shifting when the sampling frequency is equal to the switching frequency, an improved capacitor-current feedback method is required to the further increase of the system critical frequency.
Therefore, considering the increase of critical frequency in the case of the system switching frequency is higher than half of the system sampling frequency, and complexity of system design, a new feedback link of capacitor-current (Gcw(z)) is proposed based on the recursive infinite impulse response (IIR) digital filter [24] , to extend the system critical frequency which is directly related to the system damping region. 
From (14), with defining the system resonance frequency fr as N (0<N<1) times the sampling frequency fs, the relationships between the N, γ and eq R′ can be shown in Fig. 4b . As seen, the range of eq 0 R′ > increases with increasing of γ , which indicates the system damping region will extend as γ increases. However, apart from considering the extension of the damping region, the system stability also should be considered in the design of the improved active damping loop.
Parameters design of the improved capacitor-current feedback
Based on Fig. 4a, through 
Based on (15) , the open-loop poles maps with Gc(z)=1 for γ variation from 0 to 1 is illustrated in Fig.   4c . As seen, with γ increasing from 0 to 1, the poles gradually approach the unit circle and finally go outside the unit circle when γ is increased to 1. (14), the critical frequency of the system with an improved active damping loop can be obtained as 0.45fs.
Moreover, in (15) , when Gc(z) =1, except for the pole of z = 1, the other poles are related to the active damping loop, then extracting the partial factor from the denominator of ( ) 
According to Jury's criterion, to avoid having poles outside the unit circle, following situation must be satisfied: . Thus, when the resonance angular frequency is determined, the stability range of kw can be obtained by (17) . 
where c ω′ is the cut-off angular frequency in each case, and c2 ω′ and c3 ω′ is the second 180°− crossing angular frequency and the third 180°− crossing angular frequency, respectively, in each case. 
Robustness against grid-impedance variation
After a detailed analysis about the damping region which is extended with the increasing of the system critical frequency in the system with improved capacitor-current feedback, the system robustness against variations in grid impedance is evaluated again for the system with improved capacitor-current feedback.
From (15) 
According to (20) , the curves of r MD′ and c MD′ with the changing of grid impedance are depicted in Fig. 6b . As seen, compared with the curves shown in Fig. 3a-3c , the damping region of the system with improved capacitor-current feedback obviously has a larger value in Fig. 6b , which indicates that the robustness to grid-impedance variation has been greatly improved by the improved capacitor-current feedback.
It can be found from the above analysis that, with the increase of system critical frequency from fs/6 to 0.45fs, the damping region is extended from (0, fs/6≈0.17fs) to (0, 0.45fs) in the system with improved capacitor-current feedback active damping. It indicates that, compared with the conventional improved capacitor-current feedback in previous paper, the stability and robustness to grid-impedance variation has been greatly expanded in the system with the capacitor-current feedback proposed in this manuscript, even in the case of the switching frequency is the same as the sampling frequency.
Experimental verification
A 10 kW grid-connected inverter with a LCL filter was built and tested in the lab to verify the analysis in the above section and the performance of the system with improved capacitor-current feedback active damping. The voltage and current, which are used in the control system, are sensed by voltage and current sensors, respectively. The control system is implemented in a stationary frame, thus decoupling terms are not necessary. The dual-loop control scheme is realized by a DSP control board (TMS320F28335), and synchronous sampling is adopted. To complete the experimental verification without influencing the real grid, a programmed AC source (PATS1005-PATS1900S) is used to simulate the grid-side voltage, and an external inductor is used to emulate the grid-side inductance Lg. Associated hardware was used for the protection and background routines. The main parameters of the circuit are listed in Table 1 .
According to the parameters shown in Table 1 and (19), the stable boundary value of kp in Case A and Moreover, as shown in Fig. 8 , the waveforms of is become unstable when kp is larger than its stable boundary value, which means that there exists a specific stability range for different cases and that frequency shifts arising from the grid-inductance variation may change the system case and thus make the system unstable, which verifying the discussion in the preceding sections. Therefore, in order to better cope with the system resonance frequency changes, it is desirable to extend the region of Case I to cover possible resonance frequencies to the greatest degree possible. Fig. 8a-8b show the experimental waveforms of the grid-side current with grid-impedance variation in two systems, where one is the system with the improved capacitor-current feedback and the other is the system with the capacitor-current feedback that proposed in Fig. 1b . In order to change the system resonance frequency from 2671 Hz (< fs/6) to 7293 Hz (> fs/6, < 0.45fs) with the grid-impedance decreasing from 2 mH to 0 mH, 2 =0.2 mH L is used. As shown in Fig. 8a-8b , with the decrease of the grid inductance, the gridside current in Fig. 8a becomes unstable when the system resonance frequency is higher than the system critical frequency (fs/6). However, compared with the grid-side current in Fig. 8a , the grid-side current in Fig. 8b can always be stable and has a good quality in a large frequency range. This is thanks to the fact that critical frequency in this system been extended to 0.45fs which gives the system a wider stable operation region (0, 0.45fs ) and thus a higher robustness against grid-impedance variation is achieved in the system with the improved capacitor-current feedback.
To show the dynamic performance of the system with the improved active damping loop, the transient experimental waveforms of ig, where the command current i * g is step-changed from 15 to 30 A (peak value), for Case A and Case C are shown in Fig. 8c-8d. As seen, the system shows a satisfactory damping performance to dampen the dynamic oscillation, which resulted by good damping, with a rise time of 1ms.
The experimental results presented above shows that the improved active damping loop can obtain a better damping performance and retains a satisfactory dynamic performance at the same time.
Conclusion
This paper presents a study of the effects of damping region on digitally controlled LCL-type gridconnected system with capacitor-current feedback. It found that, the system that works in the damping region can obtain a better robustness against grid impedance variation. However, the damping region is considerably small in the digitally controlled system because the influence of digital time delay results in high values of inductance and capacitance of LCL filter to ensure that the system works within the system damping region. To address this issue for the case when the ratio between the sampling frequency to the switching frequency is lower than 2, an improved capacitor-current feedback method was proposed to increase the system critical frequency to 0.45fs, which can cover almost all possible resonance frequencies under the case the ratio between the sampling frequency to the switching frequency is lower than 2 because of the change in the system sampling mode. With this method, the LCL-type grid-connected inverter can obtain satisfactory steady-state and transient-state performance while achieving a wider active damping region, thereby increasing the stability of the digitally controlled system and the robustness of system to grid-impedance variation with a lower value of inductance and capacitance of LCL filter, no matter how the sampling mode changes.
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Appendix
The coefficients in (18) are listed as follows:
